On continental margins, sulfate reduction occurs within the sedimentary column. It is coupled with the degradation of organic matter and the anaerobic oxidation of methane. These processes may be significantly disturbed by sedimentary events, leading to transient state profiles for the involved chemical species. Yet, little is known about the impact of turbidity currents and mass wasting on the migration of chemical species and the redox reactions in which they are involved. Due to its connection to the River, the Congo deep-sea fan continuously receives huge amount of organic matter-rich sediments primarily transported by turbidity currents, which impact on the development of the associated ecosystems . Thus, it is well suited to better understand causal relationships between sedimentary events and fluid flow path, with consequences on the zonation of early diagenesis sequences.
Introduction
Sequential early diagenetic processes take place within shallow continental margin sediments.
These processes are biogeochemical redox reactions mediated by microbes and involve a large variety of chemical species (Schulz and Zabel, 2006) . The nature of the dominant oxidant leads to a stratification of the sedimentary column in three main zones: the oxic, suboxic and anoxic zones (Froelich et al., 1979) . The suboxic zone can have a significant impact on carbon cycling , but the anoxic zone generally represents the largest one, and can be subdivided in two layers: the sulfate reduction layer where this compound is the main electron acceptor, and the methanogenic layer characterized by methane generation. Within the upper layer, sulfate reduction can be coupled with two different oxidation reactions. The first one is the degradation of organic matter (Berner, 1980; Claypool and Kaplan, 1974) . This reaction requires that part of the organic matter deposit bypasses both the oxic and suboxic zones, and reaches the anoxic zone to finally react with the sulfate. It is commonly called the Organoclastic Sulfate Reduction (OSR) (Malinverno and Pohlman, 2011; Meister et al., 2013a) , and leads to the production of bicarbonate and hydrogen sulfide as expressed below: SO 4 2-+ 2 CH 2 O => 2 HCO 3 -+ H 2 S (1)
The second sulfate reduction-coupled reaction is the Anaerobic Oxidation of Methane (AOM) (Barnes and Goldberg, 1976a, b; Knittel and Boetius, 2009; Reeburgh, 1976) , where methane reacts with the sulfate to produce bicarbonate, hydrogen sulfide ions and water. This reaction is formulated as follows:
CH 4 + SO 4 2-=> HCO 3 -+ HS -+ H 2 O (2) It is governed by a consortium of methanogenic archaea and sulfate-reducing bacteria (Boetius et al., 2000; Hoehler et al., 1994; Valentine and Reeburgh, 2000) and is restricted to a narrow interval within the sediment called the Sulfate Methane Transition Zone (SMTZ).
This interval also corresponds to the boundary between the sulfate reduction and the methanogenic zones. The methane generated within the methanogenic layer, in turn, migrates upward to further supply the AOM process at the SMTZ. Thus, the redox reactions (1) and (2) are generally in competition for sulfate consumption on continental margins, and the prevalence of one over the other strongly depends on the nature and the availability of the electron donor; namely organic matter vs. methane.
The occurrence of these geochemical processes is particularly pronounced in areas characterized by a high content of labile organic matter (Meister et al., 2013b; Pastor et al., 2011; Wijsman et al., 2002) , such as the distal lobe complex of the Congo deep-sea fan (Pozzato et al., This issue; Schnyder et al., This issue) . This is a remarkable geological structure Savoye et al., 2009; Savoye et al., 2000) which is unique for such a geochemical study as it still experiences a continuing input of organic matter (Baudin et al., This issue; Rabouille et al., 2009; Stetten et al., 2015) , transported by strong turbidity currents from the Congo River through its permanently connected submarine canyon (Khripounoff et al., 2003; Savoye et al., 2009) . Indeed, such turbidity currents have been recorded in the canyon by the break of communication cables during the 19 th century (Heezen et al., 1964) and in the deep-sea channel-levee system by mooring lines in 2001 (Khripounoff et al., 2003) and 2004 . Thus, the lobes are recognized as being modern dynamic structures characterized by a changing morphology and are potentially prone to instabilities ).
In such a geological environment, pore water elements involved in early diagenetic processes may hold a historical record of sedimentary instabilities as they move from steady to transient state due to the instability event. For instance, researchers have started to use sulfate profiles in order to evidence the past occurrence of tectonic events and sedimentary instabilities (Fischer et al., 2013; Halbach et al., 2004; Henkel et al., 2011; Hensen et al., 2003; Hong et al., 2014; Zabel and Schulz, 2001) . In this regard, Zabel and Schulz (2001) have exploited the pore water profiles of sediment cores from the Congo deep-sea fan in order to reconstruct the scenario of geological events that occurred in the area. They hypothesized that submarine landslides may disrupt the steady-state conditions of the system and then affect the shape of sulfate profiles. Similarly, Hensen et al. (2003) 
Geological settings

2.1.The Congo deep-sea fan: morphology and evolution
The Congo deep-sea fan is a very large mud-rich turbidite system located on the CongoAngola margin (Fig. 1) . It is an upper Pleistocene fan lying at the base of slope where it has developed a network of channel-levees and lobes (Droz et al., 2003; Savoye et al., 2000) .
Among all the channel-levees which compose the system, only one is presently active as it is still connected upstream to the submarine Congo canyon Khripounoff et al., 2003; Savoye et al., 2009) . One distinctive feature of this canyon lies in the fact that it enters into the Congo River estuary, and such a coupling enables the direct transfer of terrestrial materials to the canyon and the channel-levees. Thus, the Congo deepsea fan remains active because energetic turbidity currents transport a large volume of organic matter-rich sediments originating from the river through the canyon and the active channel to the terminal lobe complex at abyssal depths (Khripounoff et al., 2003; Vangriesheim et al., 2009) .
2.2.The terminal lobe complex
The study area is located at the extremity of the terminal lobe complex where the morphology is rather flat, with small slope of 0.2° on average Savoye et al., 2000) (Fig.   2 ). The currently active lobe complex covers an area of ~3,000 km 2 , and is located at ~760 km from the shore and water depths up to 5100 m Savoye et al., 2000) .
A particular emphasis has been given to that region during two recent scientific cruises, WACS in 2011 (Olu, 2011) and Congolobe in 2012 (Rabouille, 2011 (Rabouille, -2012 Rabouille, 2014 ).
The lobe complex shows a prograding pattern that has developed by the successive abandonment of an ongoing lobe and the leftward lateral migration of sediment supply from the channel to build the next lobe (Figs. 2 and 3 ). Five lobes have been identified, based on both the hierarchical order of the distributaries and on the seismic characteristics of the sedimentary column . The oldest lobe (#1) is the most proximal and the youngest (#5) the most distal (Fig. 2) . Older abandoned lobes are also visible on the surface around the studied lobe (Fig. 2) .
The extremity of lobe number 5 corresponds to a 20 thick bulge that progrades onto the abyssal plain sediments (Fig. 3) . Here, the lobe is better defined on the multibeam acoustic backscatter than on the bathymetry data ( Fig. 3A) as on the former it shows high backscatter with a width of ca. 10 km, narrowing to ca. 4 km downstream at the core location ( Fig. 3B and C). However, although the multibeam bathymetry does not show evidence of channelization, it reveals a certain roughness of the seabed, which likely corresponds to abundant slides, head-scars and sediment blocks (Fig. 3C ). This is further supported by the seismic high amplitude on the seabed and the lack of internal structure in the lobe (Fig. 2B ).
Other studies have already revealed that the lobe complex is characterized by abundant distributaries where sediment instabilities have been described in the form of slides and blocks of meter scale that can be partly buried by turbidites (Fig. 4) (Babonneau, 2002; Bonnel, 2005; Savoye et al., 2009 (Stetten et al., 2015) suggest that the current lobe complex may have started to develop during the Holocene, probably around 6 kyr BP (Savoye et al. 2009 ).
Based on these statements and assuming that the successive build-up of lobes 1 to 5 was homogeneous in time, the inception of lobe number 5 may have started no later than 1 kyr ago.
Sampling and analytical methods
3.1.Core location
The study core, named WACS-06, is a 19.80m length Calypso piston core. It was retrieved at 4996 m water depth at the extremity of lobe number 5. Although the base of the lobe is not clearly visible on the sub-bottom profile, it is likely that the core has sampled the whole thickness of the lobe (Fig. 2) . After recovery, the core was directly cut into 1m-length sections for sampling and analysis, followed by description and photography.
3.2.Water sampling and analyses
Both bottom seawater and pore waters were collected for geochemical analyses of dissolved elements. The former was sampled few centimeters above the seafloor using the PEP (Préleveur d'Eau par Pompage) water multi-sampler operated by the ROV Victor 6000, whereas the latter was extracted directly from core WACS-06. Each core section was transported to the onboard laboratory for pore water extraction at 4 °C by means of Rhizon The analyses of bottom seawater samples were limited to chloride and sulfate concentrations, while all the aforementioned elements were measured for pore water samples.
3.3.Sediment core description, sampling and analyses
After pore-water sampling, the whole-round core was analyzed using a Multi-Sensor Core Logger (MSCL) from Geotek ® to determine both gamma-density and magnetic susceptibility profiles. Thereafter, each section was split lengthwise in two halves, a working one and an archive. The archive half was photographed with a digital camera and detailed visual descriptions of the lithofacies were performed. The split core was analyzed at 1 cm intervals with an Avaatech core scanner in order to determine the relative abundance of elements (counts) and elements ratios (Richter et al., 2006) . Ninety-six sediment samples of 1g were taken along the working half at a sampling resolution of 20 cm for organic matter analysis.
Pyrolytic analysis was carried out to measure the carbonate fraction (Eq-CaCO 3 ), and then determine the total organic carbon (TOC) together with the hydrogen index (HI) using a Rock
Eval 6 Turbo device ® (Vinci Technologies). The analysis is based on the pyrolysis of organic matter-bearing sediment followed by flame ionization and infrared detections. A complete description of the analytical protocol can be found elsewhere .
Concretely, the salts contained in the sediment samples were washed away to avoid interference with the flame ionization detector, and the pyrolysis was started at temperature lower than for classical pyrolysis (180 °C instead of 300 °C) to avoid early cracking of labile organic molecules. The hydrogen index was calculated from the Rock-Eval data using the following formula: HI=S2*100/TOC. Here, S2 is the amount of hydrocarbons generated through thermal cracking of nonvolatile organic matter in mg/g of rock and TOC is total organic carbon in wt % (Espitalié et al., 1977).
3.4.Modeling
A numerical model was used to evaluate how the anaerobic oxidation of methane affects the sulfate profile. A transport-reaction equation has been solved to simulate the evolution of the sulfate profile over time (Berner, 1980; Boudreau, 1997; Chuang et al., 2013 
With k AOM the associated constant rate.
All parameters used in the model are listed in Table 1 . Both terms, transport and AOM reaction, were solved simultaneously using a centered finite difference method with a uniform grid. The discretization over the length domain was defined with a grid of 1000 points.
Dirichlet condition (constant concentrations) was applied at the core boundaries, excepted for the sulfate downcore where the Neumann condition (open flux) was applied. The upward fluid velocity range was adjusted from the chloride profile.
Results
4.1.Core description
The combination of visual description of core WACS-06 ( This facies is interpreted as pelagic deposits.
-Lithofacies 3 corresponds to laminated brown to dark stiff clay. It is characterized by a high gamma-density (1.4 g.cm -3 ) that is interpreted as muddy turbidites.
-Lithofacies 4 corresponds to fine to medium sand. It is characterized by a high gammadensity (≥ 1.6 g.cm -3
).
-Lithofacies 5 corresponds to mudclasts embedded in a clayey matrix and is interpreted as a debrite. 
4.2.Carbonate and organic matter distribution
Carbonate and TOC contents, together with the HI, are plotted as a function of sediment depth (Fig. 6 ). Carbonate content is relatively low (3-4 wt.%) over the first 10 meters of the core. The sedimentary section located below that depth exhibits several peaks where the EqCaCO 3 reach values as high as 25 wt.%. Overall, TOC contents are very high as expected in the area (Baudin et al., 2010; Baudin et al., This issue) and range between 1 and 4 wt.%. As can be seen in 5 ) and due to the fact that this area is located at the distal part of the lobe where the turbidity current eventually ended up, the deformations from Unit 2 to 7 likely result from slides, with the exception of Unit 4 that is interpreted as a debrite (Mulder and Cochonat, 1996; Tripsanas et al., 2008) . Nevertheless, both slide and debrite evidence the occurrences of sedimentary instabilities (Henkel et al., 2011) . Moreover, as mentioned previously, there is a clear correlation between lithofacies, deformation and unit demarcation, and one of the questions which arise when examining those data is whether they were deposited during one or several mass movements. In fact, many submarine instabilities and deformations develop in multiple phases, and multi-disciplinary investigations are often needed to fully unravel these processes and estimate their timing (Vanneste et al., 2014) . Based on the characteristics of both the identified lithofacies and the sequence of the units, we proposed two possible scenarios to explain the deformations observed on core WACS-06. They involve either two successive slides or a single long-lasting one.
In the scenario of two successive slides (Fig. 8) , the initial stage at the sediment core location (Fig. 8A) The numerous multidisciplinary cruises carried out to intensively investigate the Congo deepsea fan have led to the conclusion that there is no petroleum system beneath in this area (Rabouille, 2014; Savoye et al., 2009; Sibuet and Vangriesheim, 2009) 
Unusual location of the methane source and the consequence of the on the pore-water profiles
As mentioned earlier, with the exception of chloride and strontium to a lesser extent, all pore water profiles exhibit clearly visible unusual features (Fig. 7) . For instance, the measured sulfate profile is very different from profiles commonly encountered in most marine sedimentary settings (Borowski et al., 1999; Chuang et al., 2013; Hensen et al., 2003; Martens and Val Klump, 1984; Pohlman et al., 2008) in at least two respects: The first one is the unexpected low sulfate concentrations (12-13 mM against 28.3 mM for the bottom water) measured at the upper part of the core over meter scale, and this will be discussed in the following section. The second one consists on the presence of a depleted sulfate interval located between 400 and 950 cmbsf, far from the core ends. This depletion is caused by anaerobic oxidation of methane from the source located within Unit 3, leading to the occurrence of two sulfate methane transition zones at 400 and 950 cmbsf. Evidence of AOM is supported by the barium profile which displays a maximum in pore water concentrations at the sulfate-depleted interval bounded by the two SMTZs as barite dissolution frequently occurs beneath the SMTZ and releases barium ions into the pore water (Noethen and Kasten, 2011) . The alkalinity peak just beneath the shallowest SMTZ is also consistent with the AOM-related activity (Kastner et al., 2008; Noethen and Kasten, 2011) .
Such an occurrence of two SMTZs has already been reported in the literature (D'Hondt et al., 2004; Mogollon et al., 2012; Parkes et al., 2005; Torres et al., 2015) . (2015) also presented results from the IODP Site C0012 drillings in the Shikoku basin where two SMTZs were found at 19800 and 43300 cmbsf. At Arkona basin in the Baltic Sea, they were identified at 180 and 500 cmbsf by Mogollon et al. (2012) . For the two first studies, the development of two SMTZs was ascribed to the existence of two different sulfate sources supplying each SMTZ (D'Hondt et al., 2004; Parkes et al., 2005; Torres et al., 2015) . Sulfate was supplied from depth by the upward migration of brine. The depths of the SMTZs are also deeper, tens to hundreds of meters below seafloor. In the Arkona basin, the development of two SMTZs was attributed to the presence of residual sulfate in the Pleistocene marine clays underlying an organic-rich unit (Mogollon et al., 2012) . For core WACS-06, the chloride profile shows no evidence of brine supplied beneath by upward migration. Thus, the sulfate present at the bottom of the core also originates from the seawater, and therefore, there is two possible explanations for the occurrence of the two SMTZs. The first one would require a lateral migration of methane. Thus, methane is likely transported through the sandy layers observed in Unit 3. This unit exhibits low values of gamma-density and Zr/total counts with several peaks at the sandy intervals, whereas the K/ Ti ratio profile shows an inverse trend (Fig. 6) , which is indicative of coarse grained sediment. Methane can be easily transported laterally through these layers (Sultan et al., 2016) , which act as drain channels. Alternatively, the occurrence of the two SMTZs may directly result from the youngest sediment slide that brought the methane source (i.e. Unit 3) to its current location (~400 cmbsf). Unit 6, 7 and 8, which have not undergone mass wasting, have likely preserved sulfate in concentrations close to that observed within the units 1 and 2 (Fig. 7) . Thus, methane would react with sulfate from both the upper and the lower units. In either case proposed here, the establishment of the AOM results from the sedimentary event involving Unit 3 as it is not co-genetic with the underlying units. 
AOM vs. OSR:
What is the dominant process responsible for the sulfate reduction at the investigated area?
As mentioned earlier, sulfate concentrations much lower than that of seawater were measured at the uppermost part of core WACS-06. Our uppermost pore-water sample was collected at 62 cmbsf. Such low values close to the sediment-water interface are often encountered at sites characterized by methane emissions or shallow gas hydrates (Chuang et al., 2013; Ruffine et al., 2015; Tryon et al., 2010; Wilson et al., 2014) , and usually results from the anaerobic oxidation of methane (AOM) coupled with sulfate reduction near this interface. However, we have demonstrated in the previous section that the shallowest SMTZ is located at around 400 cmbsf, therefore quite far from the sediment-water interface. In addition, evidence of neither gas hydrates nor methane emission has been observed from the ROV dives, tough methane fluxes ranging between 1.8 to 139 mmol.m -2 .day -1 have been measured from Calmar benthic chambers in vesicomyid habitats (Khripounoff et al., 2015) . After splitting, core WACS-06 presented no evidence of vesicomyids at the collected site. Thus, AOM is not responsible for the abnormally low sulfate concentrations observed at the core top; this is rather due to organoclastic sulfate reduction as it has been shown that the TOC contents of the surficial sediment are very high (Baudin et al., 2010; Stetten et al., 2015) . Moreover, in situ measurements have shown that the oxic layer is very thin in this area, with a thickness of a few centimeters at most Pozzato et al., This issue; Rabouille et al., 2009) . Thus, it is likely that the oxygen supply is not sufficient enough to oxidize the whole labile organic-matter fraction available; part of it bypasses the oxic and suboxic layers and enters into the anoxic one for being oxidized by sulfate. All this evidence indicates that OSR is active within the first ~60 cm of sedimentary column, and likely the main process responsible for the sulfate depletion at this sedimentary interval. This is strengthened by the high values of alkalinity measured from our upper samples (~30 mM) as OSR produces twice more carbonate than it consumes sulfate.
On the other hand, one can clearly see from Fig.7 that sulfate concentrations remain constant, with value of ~12-15 mM over meter scale at both the uppermost and lowermost units while the TOC contents are still high. This suggests that sulfate does not significantly react further with the organic matter. The labile part was quickly consumed at the uppermost part of the core, leaving a refractory material for deposition at the lobes (Rabouille, 2011 (Rabouille, -2012 Stetten et al., 2015) . Therefore, the OSR is hampered and sulfate at concentrations lower than that of seawater is allowed to diffuse downward within the sediment. Based on these results, we postulated that OSR is the dominant process responsible for sulfate reduction over the first ~60 cm upper sedimentary column, and then AOM takes over and depletes the sulfate in Unit 3 to 5.
5.3.Constraining the age of the youngest sedimentary event
As mentioned earlier, the investigated area continuously receives sediments transported through the channel by turbidity currents, and therefore it may be constantly subject to sedimentary instabilities. In our sampled core, it has been demonstrated that these turbidity currents play a structuring role in the methane flow path. The transport-reaction model used here considered that AOM prevails over OSR since it has been shown that the latter reaction is restricted within the first ~60 cm depth less affected by instabilities, even though methane concentrations are below the pore-water saturation level. These low measured values are likely the result of methane exsolution during the recovery of the none-pressurized core from 4996 m water depth to the sea surface. The extraction process by Rhizon ® involves the creation of a small vacuum inside the syringe that could affected methane concentration.
However, that would be of minor effect compared to core recovery as the measured methane concentration is near saturation at atmospheric pressure. Moreover, consideration of OSR would require the knowledge of parameters like apparent initial age and the initial concentration of the POC during sedimentation (Luo et al., 2015; Meister et al., 2013b; Stolpovsky et al., 2015; Wallmann et al., 2006) , which were not measured here and are unavailable. Nevertheless, using this AOM-based approach allows simulating its importance in the sulfate reduction, and any deviation from the measured profile will be due to the contribution of OSR. The initial conditions for the simulation is taking such as methane is supplied from Unit 3; and sulfate concentration varies slightly and linearly from 12.10 to 14.70 mM as seen in Unit 1 and 2, and Unit 6 to 8, respectively. The results of the simulation
give an AOM incipient of 96 ±10 years (Fig. 9) . The best fit is obtained for a methane-source depth located at 560 cmbsf instead of the 420 cmbsf measured from pore water analysis. This depth is still located within Unit 3, however it is very close to the boundary with the muddy debrite. One possible explanation of this difference is the omission of OSR within the model. 
